Introduction 1 2
The genomic RNAs of all positive-strand RNA viruses have multifunctional roles. They 3 act as mRNAs to translate viral proteins and also as the templates for negative-strand RNA 4 synthesis. Thus, it is important to regulate these processes, and several RNA elements have 5 been identified that are required for these processes (Dreher, 1999; Liu et al., 2009; Noueiry 6 and Ahlquist, 2003; Ogram and Flanegan, 2011; Pathak et al., 2011) . Negative-strand RNA 7 synthesis is initiated near the 3ʹ′ terminus, but the RNA elements required for negative-strand 8 RNA synthesis are located in the other regions of viral RNAs such as the 5ʹ′ untranslated 9 region (UTR), as well as in the 3ʹ′ UTR. The functions of these RNA elements have been 10 investigated, and they are known to be regulated by interactions between viral RNA elements, 11
or between viral RNA elements and proteins, including viral and host factors (Filomatori et 12 al., 2006; Herold and Andino, 2001; Noueiry and Ahlquist, 2003; Pathak et al., 2011) . 13
Brome mosaic virus is the type species of the genus Bromovirus, which is a group of 14 icosahedral plant RNA viruses in the family Bromoviridae. The genome comprises three 15 genomic RNAs, which are referred to as RNA1, RNA2, and RNA3 in order of their genome 16 sizes. RNA1 and RNA2 are monocistronic RNAs that encode the 1a and 2a proteins, 17 respectively, and both are required for genomic and subgenomic RNA4 synthesis (Kroner et 18 al., 1989; 1990) . RNA3 is a dicistronic RNA that encodes the 3a protein required for 19 bromovirus movement (Mise et al., 1993 ) and the coat protein, which is translated from the 20 RNA4 that is transcribed from the negative-strand RNA3 (Miller et al., 1985) . 21
The cis-acting RNA elements required for the negative-strand synthesis of brome mosaic 22 virus (BMV) genomic RNAs are well characterized. In the 3ʹ′ UTR, the stem loop C within 23 the tRNA-like structure acts as the promoter for negative-strand synthesis (Kim et al., 2000) . 24
The box B motif in the intercistronic region of RNA3 is recognized by the 1a protein, andBYL reaction mixture. At 0, 0.5, 1 and 2 h after incubation, aliquots (10 µl) were used for 1 RNA extraction, and subjected to Northern blot analysis. 2 3 3. Results 4 5 3.1. The 3W levels were higher than the 3S levels in a competition assay using N. 6 benthamiana protoplasts 7 8
We assumed that the differences in competitive fitness between 3W and 3S in whole N. 9 benthamiana plants (Narabayashi et al., 2009 ) might reflect the replication efficiency at the 10 single-cell levels. To verify this assumption, we inoculated N. benthamiana protoplasts with 11 an equimolar mixture of 3W and 3S, and RNAs 1 and 2 of MYFV. The Northern blot analysis 12
showed that the levels of RNA3 were similar after individual infection with 3W or 3S, 13 whereas 3W accumulated to 30% higher than 3S following coinfection (Figs. 1B and 1C) . 14 This suggests that there is competition for replication between 3W and 3S, and that the 15 competitive fitness is determined at least partly during the replication step. Given that both of 16 the 5ʹ′ and 3ʹ′ terminal regions, as well as intercistronic regions, are required for the efficient 17 amplification of BMV RNA3s (French and Ahlquist, 1987) , this duplicated region in the 18 internal site of the 5ʹ′ UTR of MYFV RNA3 might contain previously undefined element(s) 19 that enhance the efficient amplification of bromoviral RNA3. 20 21 22
Regions in the 5ʹ′ UTR required for efficient amplification of RNA3 23 24
To identify the putative cis-acting replication elements in the duplicated region (nt 55252), we constructed RNA3 derivatives that contained a series of 100-base deletions in the 5ʹ′ 1 UTR and the 5ʹ′ proximal sequences of the 3a- Fig. 2 2A) . To exclude the possibility that the effects of the deletion of one element in the duplicated 3 region (light gray region in Fig. 1A ) on RNA3 accumulation may have been masked or 4 attenuated by another element because of the duplication in 3W, we introduced deletions into 5 the 5ʹ′ UTR of 3S (dark gray region in Fig. 1A ) but not into that of 3W. The resultant RNA3 6 derivatives, and RNA1 and RNA2, were inoculated into N. benthamiana protoplasts, and the 7 accumulation of MYFV RNAs was analyzed by Northern blotting. The d55-153 and d154-8 252 mutations, but not the d104-202 mutation, reduced the accumulation of RNA3 and 9 RNA4 in protoplasts (Fig. 2B) . These results suggest that the two regions, i.e., one from nt 10 55-103 and the other from nt 203-252, contain nucleotide sequences and/or structures that 11 play important roles in the accumulation of RNA3 and RNA4. 12
The d154-252 mutant lacked a partial 5ʹ′ coding sequence from the 3a gene, so we 13 examined whether this short coding region had any functions during RNA3 accumulation. A 14 d154-226 mutant was constructed with a deletion in the same region as d154-252 apart from 15 the 5ʹ′ coding region of the 3a gene, which was tested in N. benthaminana protoplasts. The 16 accumulation of RNA3 and RNA4 from d154-226 was comparable to that of RNA3 and 17 RNA4 from d154-252 (Fig. 2B) , thereby suggesting that deletions in the 5ʹ′ UTR of MYFV 18 RNA3 but not the 3a-coding region reduced the accumulation of RNA3 and RNA4 19 dramatically. Subsequently, we focused on the functions of the 5ʹ′ UTR of MYFV RNA3 20 during RNA3 accumulation. 21
To characterize further the RNA elements involved in RNA3 accumulation, we predicted 22 the secondary RNA structures in the 5ʹ′ UTR of RNA3 using M-fold version 3.2 (Zuker, 2003) , 23 which showed that the two regions (one from nt 55-103 and the other from nt 203-252) 24 formed a long base-paired structure with each other (Fig. 3A) . To delimit the regions thatcould affect the accumulation of RNA3, we constructed five mutants with deletions covering 1 the two regions in the 5ʹ′ UTR of , and d218-2 229; Fig. 3B ), and we examined their accumulation in N. benthamiana protoplasts when they 3 were inoculated together with MYFV RNA1 and RNA2 transcripts. Three deletions (nt 55-64, 4 nt 65-81, and nt 218-229) did not affect the accumulation of RNA3 or RNA4, whereas two 5 deletions (nt 82-103 and nt 203-217) reduced the levels of RNA3 and RNA4 greatly (Fig.  6   3C ). These two sequences were predicted to form a base-paired structure with each other, 7 which was divided into two stems by an internal loop, thereby suggesting that either or both 8 stems were important for the accumulation of RNA3 and RNA4. 9
To identify the functional domain and to determine the importance of the base-paired 10 structure for the accumulation of RNA3, we introduced nucleotide substitutions into either or 11 both sides of the two stems in this region, which disrupted or restored the base-pairing of the 12 stems, respectively (Fig. 4A) . Disruption of the upper stem structure on either side of this 13 region by nucleotide substitutions (r1-1, r1-2) severely decreased the accumulation of RNA3 14 and RNA4, whereas the restoration of the stem (r1-3) restored the RNA3 and RNA4 levels to 15 that of 3S in N. benthamiana protoplasts (Figs. 4B and 4C) . Furthermore, these mutations also 16 affected the accumulation of negative-strand RNA3 in parallel with that of positive-strand 17 RNA3 (Figs. 4B and 4C) . In contrast to the upper stem, the mutations in the lower stem (r2-1, 18 r2-2, r2-3) did not affect the accumulation of positive-or negative-strand RNA3 (Fig. 4B) . 19
Overall, these results suggest that the upper stem structure plays a crucial role in the in vivo 20 accumulation of positive-and negative-strand RNA3. 21 The mutations in the base-paired structure reduced the in vivo accumulation of 1 negative-strand RNA3 (Fig. 4) , but it was still unclear whether this reduction was caused by 2 decreases in negative-and/or positive-strand RNA3 synthesis. To determine whether this 3 base-paired structure has a role in the amplification of negative-strand RNA3, we performed 4 an in vitro translation/replication BYL assay (Komoda et al., 2004) . RNA3 derivatives were 5 incubated in BYL that expressed the 1a and 2a proteins of MYFV, and the positive-and 6 negative-strand RNA accumulation levels were examined. Similar to the in vivo results (Fig.  7 4), the accumulation of negative-strand RNA3 in BYL was again reduced significantly by the 8 disruption mutations (r1-1, r1-2) and recovered by the restoration mutation (r1-3) (Fig. 5) . 9
However, the levels of positive-strand RNA3 in BYL were not changed significantly by either 10 the disruption (r1-1, r1-2) or restoration (r1-3) of the structure in either the presence or 11 absence of the 1a and 2a proteins of MYFV (Fig. 5A, Supplementary Figure S2 , data not 12 shown). Together, these results mainly reflected the stability of the input transcripts rather 13 than the levels of newly synthesized positive-strand RNA3, as discussed below. These in vitro 14 results suggest that the reduction in negative-strand accumulation in protoplasts was 15 attributable at least partly to a reduction in the efficient amplification of negative-strand 16 RNA3 but not necessarily to the indirect effect of the inefficient amplification of 17 positive-strand RNA3. These results also suggest that this base-paired region (nt 89-95 and nt 18 203-209) in the 5ʹ′ UTR of RNA3 is involved in the efficient amplification of negative-strand 19 RNA3, thereby affecting the accumulation of both negative-and positive-strand RNA3s and 20 subgenomic RNA4 in protoplasts (Fig. 4B) . 21 22
Comparison between MYFV and other bromoviruses 23 24
Next, we investigated whether the base-paired structure of the 5ʹ′ UTR of RNA3 was alsoseen in other bromoviruses. In the 5ʹ′ UTRs of bromoviruses, base-paired structures that 1 comprised 7-8 base pairs containing the initiation codon (AUG) of 3a-ORF were predicted 2 using the M-fold program (Fig. 6A) . The base-paired structure of MYFV did not contain the 3 AUG sequence, but the four consecutive base pairs (5ʹ′-UCGG-3ʹ′)/(5ʹ′-CCGA-3ʹ′) were 4 conserved among MYFV, BMV, and cowpea chlorotic mottle virus (CCMV) (Fig. 6A) . In 5 addition, the results shown in Fig. 4 demonstrate the importance of the structure rather than 6 the sequence for the efficient amplification of MYFV RNA3. Thus, we hypothesize that these 7 base-paired structures may have functions during the efficient amplification of bromoviral 8
RNA3. 9
To test whether a similar base-paired structure in RNA3 of another bromovirus, BMV, 10 functions during the amplification of MYFV RNA3, we introduced mutations into the 5ʹ′ UTR 11 of MYFV RNA3. The d-MB1 mutation deleted most of the base-paired structure, except for 12 three G-C pairs (nt 65-92 and nt 206-229 deletions). The d-MB2 mutation was a four-base 13 insertion into d-MB1, which formed a base-paired structure similar to that in BMV. The 14 d-MB3 mutation replaced the base-paired region of MYFV with the corresponding region of 15 the BMV sequence (Fig. 6B ). These mutants were tested to determine their accumulation 16 levels in N. benthamiana protoplasts, which were inoculated together with MYFV RNA1 and 17 RNA2 transcripts, as described above. Northern blot analysis showed that RNA3 18 accumulation was eliminated by the d-MB1 mutation, whereas it was restored by the d-MB2 19 and d-MB3 mutations (Fig. 6C ). These results suggest that the base-paired structure of MYFV 20 RNA3 can be replaced with the corresponding structure of BMV RNA3, thereby confirming 21 the importance of the structure rather than the sequence. 22
To determine whether the base-paired structure of BMV RNA3 is involved in the 23 efficient amplification of the parental genome, two deletion mutations were introduced into 24 the 5ʹ′ UTR of BMV RNA3 (Bd1: nt 79-91 and Bd2: nt 53-91), which resulted in disruptionsof the base-paired structure of BMV (Fig. 6D ). When these mutants were inoculated together 1 with BMV RNA1 and RNA2 into N. benthamiana protoplasts, the deletions slightly reduced 2 RNA3 accumulation and increased RNA4 accumulation (Fig. 6E) . BMV RNA3 could be 3 replicated after inoculation with MYFV RNA1 and RNA2 (Fig. 6E ), so we also examined the 4 accumulation of Bd1 and Bd2 in the presence of MYFV RNA1 and RNA2. The deletions 5 eliminated the accumulation of RNA3 and RNA4 (Fig. 6E) . Thus, the base-paired structure of 6 BMV RNA3 was essential for the efficient amplification of RNA3 by MYFV replicase, 7 whereas this structure was not crucial for RNA3 amplification by BMV replicase. These 8 results suggest that the function of the base-paired structure is correlated with the properties 9 of the MYFV replicase. 10 11
Discussion 12 13
In the present study, we analyzed RNA elements in the 5ʹ′ UTR of bromoviral RNA3 that 14 enhance RNA3 amplification. The function of the RNA element required for the efficient 15 amplification of the negative-strand RNA3 of MYFV was shown to be sequence independent 16 but structure dependent, and it was identified as the base-paired structure in the 5ʹ′ UTR of 17 MYFV RNA3, analogues of which were also found in other bromoviral RNA3s. Our analysis 18 of the effects of structural elements in BMV RNA3 demonstrated that the requirement for 19 base-paired structures for RNA3 amplification differed among distinct bromoviral replicases. 20
The 5ʹ′ UTR of positive-strand RNA genomes corresponds to the 3ʹ′ UTR of the negative 21 strand, which contains a promoter for positive-strand RNA synthesis. Thus, mutations in the 22 5ʹ′ UTR could affect positive-strand RNA synthesis. In BMV, mutations in the 5ʹ′ UTR of 23 RNA3, which affected the promoter activity of positive-strand RNA3 synthesis, had only 24 modest effects on negative-strand RNA3 accumulation, despite the low accumulation ofpositive-strand RNA3s (Hema and Kao, 2004) . Moreover, several mutations that substantially 1 decreased positive-strand RNA3 accumulation increased subgenomic RNA4 accumulation 2 (Grdzelishvili et al., 2005; Hema and Kao, 2004) . These viral RNA accumulation patterns 3 were also observed in our deletion analysis of the base-paired structure of BMV RNA3 when 4 it was inoculated with BMV RNAs 1 and 2 (Fig. 6E) . Thus, if the base-paired structure of the 5 5ʹ′ UTR of bromoviral RNA3 functions during positive-strand synthesis but not during 6 negative-strand synthesis, mutations in this structure should change the levels of 7 positive-strand RNA3 relative to that of subgenomic RNA4 but would have only mild effects 8 on negative-strand accumulation. However, disruptions of the base-paired structures of the 5ʹ′ 9 UTR of RNA3s dramatically reduced the accumulation of negative-and positive-strand 10 RNA3 and subgenomic RNA4 in vivo (Figs. 4, 6C , and 6E). Therefore, although we cannot 11 exclude the possibility that the base-paired structures may play an additional role in 12 positive-strand RNA3 synthesis by MYFV replicase, similar to that by BMV replicase, the 13 results of the protoplast assays strongly suggest that the base-paired structure functions 14 mainly during the efficient amplification of negative-strand RNA3. 15
In the in vitro BYL assays, the accumulation of positive-strand RNA3 was 16 indistinguishable among 3S and its derivatives (Fig. 5) , which did not correlate with that of 17 negative-strand RNA3. Capped transcripts are stable in BYL, and large portions of input 18 transcripts could be detected even after incubation for several hours (Supplementary Figure  19   S2 ; Sarawaneeyaruk et al., 2009 ). Moreover, RNA4 accumulation was never observed (data 20 not shown), suggesting that positive-strand RNA synthesis from negative-strand RNA3 was 21 negligible. Therefore, most, if not all, of the positive-stranded RNA3s detected reflected input 22 transcripts, which indicated that the low accumulation of negative-strand RNA3 in vitro was 23 not a major consequence of the indirect effects of low positive-strand RNA3 synthesis. These 24 in vitro results support the in vivo results obtained with protoplasts, and they also indicate thatthe base-paired region in the 5ʹ′ UTR of MYFV RNA3 is involved in the efficient 1 amplification of negative-strand RNA3. Efficient amplification of negative-strand RNA3 2 results from efficient synthesis and/or high stability of negative-strand RNA3. If stable 3 double-stranded RNA but not free/naked negative-strand RNA would be generated as a result 4 of negative strand synthesis during MYFV replication like tombusvirus replication (Kovalev 5 et al., 2014) , the base-paired structure in the 5'UTR may function in synthesizing negative 6 strand RNA3 rather than conferring stability on the nascent negative-strand RNA3. 7
The 5ʹ′ UTR of BMV RNA3 is not required for the formation of the RNA-dependent 8 RNA polymerase complex (Quadt et al., 1995) or for replicase binding (Choi et al., 2004) . 9
Our results also show that the base-paired structure of BMV RNA3 exerts only modest effects 10 on RNA amplification directed by BMV replicase compared with that directed by MYFV 11 replicase (Fig. 6E ). In the bromovirus CCMV, deletions of the regions containing the 12 base-paired structure that corresponded to that of MYFV (Fig. 6A ) had little effect on RNA3 13 accumulation, whereas deletions of another region of the 5ʹ′ UTR suppressed the accumulation 14 of RNA3 and RNA4 (Pacha et al., 1990) . Thus, although the 5ʹ′ UTR of bromovirus RNA3s 15 might have general effects on the amplification of the negative-strand RNA3s of 16 bromoviruses, it is not known whether the base-paired structures of BMV and CCMV RNA3s 17 play roles during RNA3 replication by their own replicases. However, the base-paired 18 structure of BMV was shown to function during the efficient amplification of RNA3 (Fig. 6) , 19 possibly by enhancing the amplification of negative-strand RNA3 in the presence of the 20 heterologous replicase of MYFV. This variable requirement for the base-paired structure by 21 distinct bromoviral replicases (Fig. 6E) suggests that in contrast to BMV, the base-paired 22 structure in the 5ʹ′ UTR of RNA3 may be required for replicase assembly in MYFV. 23
In positive-strand RNA viruses, the transition from the translation to the replication of 24 genomic RNAs is a key step during the RNA replication cycle because template competitionoccurs between these two processes (Gamarnik and Andino, 1998). The cis-acting elements 1 required for negative-strand synthesis have been found in the 5ʹ′ UTR of their genomic RNAs, 2 and they are thought to regulate the transition through RNA-RNA interactions or RNA-3 protein interactions (Filomatori et al., 2006; Herold and Andino, 2001 ). In BMV, the 4 repression of RNA1 and RNA2 translation is regulated by the interaction between the 5 replicase protein 1a and the box B motif in their 5ʹ′ UTR, which may be related to replicase 6 assembly (Chen et al., 2001; Yi et al., 2007) , whereas the RNA3s of four bromoviruses 7 including BMV and MYFV contain the box B motif in the intercistronic region. In two other 8 bromoviruses, CCMV and broad bean mottle virus, the RNA3s do not even contain the box B 9 motif (Allison et al., 1989; Romero et al., 1992) . Thus, although some host factors have been 10 reported to be involved in the translation and recruitment of BMV RNA3 (Diez et al., 2000; 11 Mas et al., 2006) , the detailed mechanisms that regulate translational repression and the 12 transition from translation to replication in RNA3 are still unclear. In the present study, we 13 identified a novel RNA element of MYFV RNA3, which is required for the efficient 14 amplification of negative-strand in the 5ʹ′ UTR of RNA3, and we found that its function is 15 MYFV replicase specific. These findings will facilitate the development of a better 16 understanding of the life cycle of bromovirus RNA3. shown by the relative RNA3(-)/RNA3(+) ratio of the tested RNA3 derivatives compared with 22 that of 3S. The levels were measured using the ImageJ program, and the mean value and the 23 standard deviation were calculated based on three independent experiments. 24 were calculated and are shown between a pattern on a Northern blot and 7 ethidium-bromide-stained rRNA. 8
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